Parkinson's disease (PD) is one of the most common neurodegenerative diseases with typical motor symptoms including bradykinesia, postural instability, rigidity and tremor, and characteristic pathological change that dopaminergic neuron death in the substantia nigra pars compacta (SNc)[@b1]. Over the past few decades, there were major advances on neurological treatments including pharmacological treatments, physical or behavioral therapy, deep brain stimulation (DBS) and noninvasive stimulation approaches[@b2]. Nonspecific effects, insufficient tailoring to the individual, and moderate to severe adverse effects are significant limitations of pharmacological treatments[@b2][@b3][@b4]. In physical or behavioral therapy, expertise of the therapist and the patient's cooperation largely limits its broad implications[@b2]. Although effective and hopeful to PD treatment[@b5], DBS is limited to a small well-defined patient population and carries the risk of serious surgical complications and significant neuropsychiatric side effects[@b6][@b7]. Noninvasive brain stimulation approaches, such as repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS), are appealing because of their noninvasive, safe and convenience characters[@b2]. Meanwhile, tDCS carries some advantages over rTMS, including a favorable safety profile, tolerability, easier applicability and cost-effectiveness[@b6]. Therefore, tDCS could be potentially an ideal choice for PD treatment.

In tDCS, the cerebral cortex is stimulated through a weak direct current in a noninvasive and painless manner[@b8]. Low-amplitude direct currents penetrate the skull into the brain via scalp electrodes to modify neuronal transmembrane potentials, thereby influencing the levels of excitability and modulating the firing rates of individual neurons[@b9][@b10][@b11][@b12], and finally regulate or repair behavioral dysfunctions by modifying activity of excited cortex.[@b11][@b13].

Clinical practice has provided little but important information on tDCS treatment for movement symptoms of PD[@b6][@b8][@b14]. Experimental data also indicated the efficacy of motor cortex stimulation contributed to PD treatment[@b15][@b16]. Previous studies suggest the most effective stimuli locations are primary motor cortex (M1) and prefrontal cortex (PFC). Exciting M1 may directly affect the motor functions of PD patients, but PFC may be mainly contributed to improve the cognitive functions of PD patients[@b8]. These studies mentioned above just showed the tDCS treatment for PD patients were significantly effective, but they didn't explore the different treatment effects according to varies of stimuli parameters[@b6][@b8]. So far, we still know little about the effective parameters which will significantly regulate the treatment effects of tDCS.

Here, we studied the anodal tDCS treatment effects on M1 with different stimuli parameters to improve motor symptoms in aged advanced PD monkeys (*Macaca mulatta*) induced by MPTP. Non-human primate PD models are widely regarded as essential preclinical investigation for PD treatment[@b17][@b18][@b19][@b20][@b21]. The common PD model currently available is the classic PD monkey model chronically induced by 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)[@b17][@b18][@b22][@b23]. However, one limitation of this model is that monkeys often spontaneously recover from motor symptoms after MPTP intoxication[@b24][@b25][@b26]. In this study, to avoid the automatic recovery of PD monkeys, we developed an aged (20 years old) advanced PD model with acute intramuscular injections (i.m.) of MPTP-saline solution. The severity of Parkinsonism before and after tDCS treatment was evaluated according to improved Kurlan scale[@b27], which was widely accepted as a valued scale for PD research in old world monkeys[@b28]. C-fos is a nuclear proto-oncogene that has been implicated in many important cellular events[@b29][@b30], and this gene is translated to a transcription factor and it is a functional marker of activated neurons[@b31][@b32]. Recently, c-fos became the most widely used powerful tool to delineate individual neurons as well as extended circuitries that are responsive to wide variety of external stimuli[@b31][@b33][@b34][@b35]. We used this useful tool to explore the c-fos protein express changes in M1 and SN after tDCS treatment, which might help elucidating mechanisms of tDCS. Finally, we examined the pathological changes of SNc in two MPTP treated monkeys by TH staining to verify the PD model.

Results
=======

Acute MPTP administration modeling process was showed in [Fig. 1(a)](#f1){ref-type="fig"}: two monkeys survived after acute MPTP administration (0.5 mg/kg, 7 daily injections). Tremor frequency and walking time were used to evaluate the treatment effect. [Fig. 1(b)](#f1){ref-type="fig"} showed the tremor frequency of the two advanced PD monkeys temporarily decreased significantly after M1 tDCS (0.3 mA, 10 min). Amazingly, these two advanced PD monkeys could not move before M1 tDCS, but they walked for a while immediately after M1 tDCS ([Fig. 1(c)](#f1){ref-type="fig"}), and they could sit in the cage instead of lying down as before tDCS treatment. These data indicated that M1 tDCS temporarily improved PD monkeys' motor symptoms dramatically. Unluckily, these two monkeys died after three days, indicating M1 tDCS could not cure PD thoroughly although its temporary treatment effects were excellent.

To detect the long-term treatment effects of tDCS and find the main parameters of anodal tDCS on M1 with intensity from 0.3 (referred to the monkeys 1\# and 2\#), 0.4 (higher) to 0.2 (lower) mA and time from 5, 10, 15 to 20 minutes, another two monkeys (3\# and 4\#) were used in this experiment ([Fig. 2(a)](#f2){ref-type="fig"}). The PD scores before tDCS showed a mild decrease with stimuli trails, but they were not larger than 2, which meant little medical significance. The PD score of Kurlan scale was dramatically decreased right after anodal tDCS, but was restored to the pretherapeutic level before the next tDCS treatment ([Fig. 2(b)](#f2){ref-type="fig"}). This fast recovery indicated the temporarily therapeutic effects of a single tDCS treatment which disappeared in one day.

However, the changes of PD score after tDCS were significantly decreased over 7 after the consecutive 12-days treatments. Multivariate linear regression was used to evaluate the effects of parameters (monkey, stimuli duration, stimuli intensity, accumulated stimulation) on the decrease. The result showed that the accumulated stimulation (P \< 0.01) instead of monkey (P = 0.076), stimuli intensity (P = 0.065) or stimuli duration (P = 0.058) could explain the changes. These results suggested that although single tDCS treatment could not cure PD thoroughly, consecutive treatments of tDCS with accumulated effects were very effective to improve tDCS effect. The more accumulated stimulation of tDCS, the better treatment effect. The relationship between treatment effects (PD Score ~before\ tDCS~ − PD Score ~after\ tDCS~) and accumulated stimulation of tDCS (∑intensity × time) was quantitatively described in [Fig. 2(c)](#f2){ref-type="fig"}, which showed a linear increase.

Based on the accumulated treatment effects of tDCS, we wanted to know whether the accumulated effect would last at least for six months. After six months' natural recovery, the PD scores of two monkeys were declined to 5 and 9 respectively. Therefore, the two monkeys received additional MPTP administration (0.45 mg/kg, 5 daily injections) to make sure their PD scores were increased to 16--18 again ([Fig. 3(a)](#f3){ref-type="fig"}). Then the two monkeys were subjected to a single tDCS treatment (0.2 mA, 5 min). The result showed that the therapeutic effect of the single tDCS treatment was not different from the effect of six months before (first tDCS treatment in [Fig. 2(b)](#f2){ref-type="fig"}) ([Fig. 3(b)](#f3){ref-type="fig"}), indicating an extinction of accumulated effect of tDCS six months after. Furthermore, the recovery of PD score in each monkey may be attributed to the compensatory mechanism[@b24][@b25][@b26] but not the accumulated effects of anodal tDCS on M1, since the accumulated effect of tDCS treatments was disappeared during the six-month period.

In addition to M1, we also tested other brain areas to ascertain whether these areas contribute to tDCS treatment effects. The results showed that there were no significant difference in treatment effects before and after tDCS treatment on prefrontal cortex (PFC), left temporal lobe (LT) or right temporal lobe (RT) ([Fig. 3(c)](#f3){ref-type="fig"}). These data indicated that stimulation on M1 rather than other brain areas could induce a significant treatment effect of PD motor symptoms.

Importantly, what is the neuronal mechanism underlying the anodal tDCS on M1? To answer this question, we checked the neuronal activation by c-fos staining after anodal tDCS on M1. Unfortunately, the monkey 3\# was died after being finished the experiments above, so we only used monkey 4\# for c-fos staining. The most effective and economic design for this study is the self-control in monkey 4\#: anodal tDCS on right side of M1, and the left side as the baseline of c-fos expression. Before this experiment, we confirmed the tDCS treatment effect again (the behavior analysis and video clips were provide in [Supplementary Data](#S1){ref-type="supplementary-material"}). To avoid unnecessary stimulations activating the c-fos expression, this experiment was done in a silent and dark room. After anodal tDCS on right side of M1 (0.3 mA, 10 min, 3 times repeated), the monkey 4\# stayed in the room for 2 hours for the time of c-fos expression, and then was sacrificed for c-fos immunohistochemical examinations. The results showed that tDCS on M1 significantly activated the c-fos expression in the neurons of M1 and SN compared to the basal level ([Fig. 4](#f4){ref-type="fig"}). It is indicated that anodal tDCS on M1 may active the neurons in M1 and SN in the neural circuits associated with motor control, which would improve the PD behaviors.

Finally, we verified this advanced PD monkey model by TH immunohistochemical staining. The results showed that TH positive neurons in the SNc were significantly lost (more than 80%) in MPTP treated monkeys compared to normal controls, and the morphology of neurons in MPTP treated groups was pathologically changed ([Fig. 5](#f5){ref-type="fig"}). This data was accorded to the advanced PD patients, indicating this model used here was reliable and the tDCS treatment effects were also potentially to be applied in clinic.

Discussion
==========

To the best of our knowledge, this is the first study to investigate the main factors which modulate the treatment effects of anodal tDCS on M1 for treatment of PD motor symptoms on aged advanced PD monkeys. Firstly, we found that the treatment effect of tDCS was dramatically significant ([Fig. 1(b,c)](#f1){ref-type="fig"}) but not persistent ([Fig. 2(b)](#f2){ref-type="fig"}). We defined this effect as temporary effect of tDCS treatment for PD. Based on the temporary effects of tDCS treatment; we found that the accumulated simulation was a key to facilitate the single temporary effects of M1 tDCS, neither the stimuli intensity nor the stimuli duration ([Fig. 2(c)](#f2){ref-type="fig"}). However, the accumulated effect would become extinct if the consecutive treatment was interrupted for an interval ([Fig. 3(b)](#f3){ref-type="fig"}). The mechanism of extinction of the accumulated tDCS treatment effects was unknown. We speculated that accumulated treatment effect of anodal tDCS on M1 was associated with consecutive electrical stimulation for exciting and facilitating the threshold of M1 excitability. Therefore, we suggested that the effective strategy to use anodal tDCS on M1 as PD treatment was consecutive stimulation with accessible stimuli intensity and time.

This study supports findings efficacy of anodal tDCS on M1, but not on the PFC[@b8][@b14]. In PD patients, the improvement of PFC functions may repair cognitive processing which would help to finish behavioral tasks better or get higher UPDRS (Unified Parkinson's Disease Rating Scale) scores. But, the anodal tDCS on PFC of aged advanced PD monkeys in this study showed no significant improvement of motor performances ([Fig. 3(c)](#f3){ref-type="fig"}), the reason was that, although the aged advanced PD monkeys induced with MPTP might be most close to PD patients[@b36], the effects of cognitive functions improvement might be exist which could not be detected by using the Kurlan scale.

In anodal tDCS on M1, the M1 was excited by the weak current penetrated in the brain[@b9][@b10][@b11][@b12], and then the motor performance was improved. The mechanism that underlies this processing may contribute to the two neural pathways, the direct pathway and the indirect pathway, both from stratum to M1[@b37][@b38]. Meanwhile, the low current of anodal tDCS on M1 may facilitate M1 activities by means of the activation of N-methyl D-aspartate (NMDA) receptors[@b39][@b40]. Besides, the role of dopamine involved in anodal tDCS treatment effects on M1 might be accorded to the study that anodal tDCS of M1 prolongs the cortical silent period (CSP)[@b41] shown to reflect dopaminergic action in PD[@b42][@b43]. Although the underlying mechanisms mentioned above has been scientifically demonstrated, the direct neuronal mechanisms are few explored. C-fos is a useful and reliable marker to label the excited neurons in the brain[@b33], so it will provide direct neuronal mechanisms of tDCS treatment effects. Our results indicated that anodal tDCS on M1 for the treatment of PD at least activated neurons in M1 and SN ([Fig. 4](#f4){ref-type="fig"}). Interestingly, the c-fos positive areas in neurons of M1 seem to be smaller but darker than that of SN ([Fig. 4](#f4){ref-type="fig"}). As we know, the c-fos mRNA is translated to Fos protein being phosphorylated in cytoplasm and then transferred to the nuclear combined with Jun protein as a transcriptional factor to regulate gene expression[@b31][@b32][@b44], so we could conclude that the c-fos staining in M1 neurons was located and aggregated in the nuclear, but the c-fos staining in SN neurons was still distributed in the cytoplasm, indicating the activation of M1 neurons induced by tDCS might be earlier than that of SN. Besides, some research mentioned that the substantia nigra pars compacta receives glutamatergic projections from the medial prefrontal cortex[@b45], so tDCS activated M1 may also excite SN neurons. Therefore, M1 was the most effective and broadly used target in tDCS treatment of PD so far. Besides, the TH staining results verified the advanced PD monkey model used here ([Fig. 5](#f5){ref-type="fig"}), confirming the tDCS treatment effects for PD.

In summary, this study provided an indication that long-term and consecutive treatment of anodal tDCS on M1 was more effective than finding the proper stimuli parameters of tDCS for the treatment of PD patients. It would be used in clinical practice and research because of its significant treatment affect in non-human primates PD model.

Methods
=======

Monkeys and modeling
--------------------

The animal cares and experimental protocols were approved by the Ethics Committee of Kunming Institute of Zoology and the Kunming Primate Research Center, Chinese Academy of Sciences (AAALAC accredited), and the methods were carried out in accordance with the approved guidelines[@b46][@b47]. Eight aged (20 years old, all male) monkeys (*Macaca mulatta*) were selected for this experiment from Kunming Primate Research Center, Kunming Institute of Zoology, Chinese Academy of Sciences. Two monkeys were acutely administrated with MPTP (i.m., 0.5 mg/kg per day for each monkey in consecutive seven days) ([Fig. 1](#f1){ref-type="fig"}). Other two monkeys were mild-acutely administrated with MPTP (i.m., 0.4--0.45 mg/kg per day for each monkey in consecutive ten or five days), showed in [Figs 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}. Other four monkeys were died during the experiments because of poor general conditions[@b48][@b49]. Other two normal monkeys didn't participate in this study but were sacrificed for TH immunohistochemical staining as control.

TDCS process
------------

Monkeys were trained to sit in the monkey chairs during the tDCS processes. The location of brain areas such as M1 of each monkey was verified according to the MRI results (MRI was performed on a 1.5 Tesla system, Siemens, Germany) and marked on the surface of scalp. The devices of tDCS were designed by our lab, and the stimuli intensity or time was adjustable (stimuli intensity was ranged from 0--2.5 mA and stimuli time was ranged from 0--60 min). The anodal and cathode electrodes are saline-soaked square rubber pad with sponge insert (4 cm^2^). The location for cathode electrode was always on the occipital lobe, but the location for anodal electrode changed according to the experiments (M1, PFC, LT and RT). Before each tDCS treatment, monkeys were barbered and the scalp was cleaned with saline. Conductive paste was applied to the surface of each electrode, and then the electrodes were fixed on the scalp locations with adhesive tapes. The stimuli intensity and time on monkeys was referenced on clinical research and adjusted by the response of monkeys in the preliminary experiments.

Behavior data analysis
----------------------

Video recordings of monkeys' behavior were collected before and after each tDCS treatment for at least 40 minutes with digital cameras (Sony HDR-XR260, Japan) and evaluated for Parkinsonian symptoms using part A of the Kurlan scale, which utilizes seven important measures of PD. Because of the temporary effects of tDCS, data was analyzed with the three consecutive 10 minutes in average. The video collection and analysis were double-blinded to each experimenter.

C-fos immunohistochemical staining
----------------------------------

Monkey 4\# was restrained in the monkey chair and treated with anodal tDCS on the right side of M1 (0.3 mA, 10 min, 3 times repeated) in a silence and dark room to avoid unnecessary stimulations in the environment. After that, the monkey was stayed in the room for 2 hours, and then euthanized (1 mL ketamine, 0.15 g/mL, i.m.) for perfusion with 500 mL saline and 500 mL 4% polyformaldehyde-0.01 M PBS. The brain was removed and fixed in 4% polyformaldehyde-0.01 M PBS for one week, and then gradually equilibrated with 20% and 30% sucrose. Coronal sections of the M1 and SN were obtained by sectioning the tissue on a freezing microtome (Leica, CM1850UV-1-1). Slice thickness was set at 20 μm.

Slices were incubated in 0.2% triton X-100 (Solarbio, Beijing, China) 0.01 M PBS for 30 minutes, and were blocked with 2% BSA for 40 minutes at room temperature and then incubated with 1° antibody (1:800 anti-c-fos polyclonal rabbit antibody 226003, synaptic system , Germany) at 4 °C overnight. Slices were rinsed with 0.01 M PBS and then incubated in polymer helper (ZSGB-BIO PV-9000, Beijing, China) for 20 minutes at 37 °C, and then incubated in polyperoxidase-anti-mouse/rabbit IgG (ZSGB-BIO PV-9000, Beijing, China) for 30 minutes at 37 °C. DAB (DAB-1031 Kit, Maixin, Fuzhou, China) was used for coloration of the slices. Slices were dehydrated with an alcohol gradient and made transparent with TO. Neutral balsam was used to close the slides and digital pictures were collected on a microscope (microscope: Olympus, CX41; camera: Olympus DP25; software: CellSens Entry 1.4.1; Japan).

TH immunohistochemical staining
-------------------------------

Slices were incubated in 3% triton X-100 (Solarbio, Beijing, China) 0.01 M PBS for 4 minutes, and were blocked with 10% sheep serum for 15 minutes at room temperature and then incubated with 1° antibody (1:1000 Anti -Tyrosine Hydroxylase AB152, Millipore, USA) at 4 °C overnight. Slices were rinsed with 0.01 M PBS (Solarbio, Beijing, China) and then incubated in biotin conjugated 2° antibody (1:150, Maixin, Fuzhou, China) for 30 minutes, and then incubated in streptavidin conjugated HRP (1:150, Maixin, Fuzhou, China) for 15 minutes. DAB (DAB-1031 Kit, Maixin, Fuzhou, China) was used for coloration of the slices. Slices were dehydrated with an alcohol gradient and made transparent with TO. Neutral balsam was used to close the slides and digital pictures were collected on a microscope, as described above.

Statistics
----------

One-way ANOVA or Independent Sample Mann-Whitney U Test (non-homogeneous variance) was used to compare the means/distributions of tremor frequency before and after tDCS. Related-Samples Wilcoxon Signed Rank Test (non-homogeneous variance) or Paired t-test (homogeneous variance) was used to compare the means of PD scores before and after tDCS. Multivariate linear regression model was used to extract the main parameters which may impact the effect of tDCS. Multi-factor ANOVA was used to compare the tDCS treatment effects between six months before and after, and to compare the PD scores between different cerebral regions and between before and after tDCS. Immunohistochemical images analysis: in TH staining statistics, 4 slices of each monkey's SN area were collected and checked by ANOVA (homogeneous variance), and Independent Sample Mann-Whitney U Test (non-homogeneous variance); in c-fos staining analysis, 5 slices were selected from both left and right side of M1 and SN in monkey 4\#, and they were checked by Paired t-test (homogeneous variance).
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![The temporary effects of anodal tDCS on M1 in two advanced PD monkeys (1\#, 2\#).\
(**a**) Acute modeling process of MPTP administration. (**b**) Tremor frequency of PD monkeys was dramatically improved by anodal tDCS on M1. (One-way ANOVA, Monkey 1\#: \*\*P = 0.0002; Independent Sample Mann-Whitney U Test, Monkey 2\#: \*\*P = 3.3 × 10^−9^). (**c**) Voluntary locomotion of PD monkeys was obviously increased after anodal tDCS on M1. Values in (**b**,**c**) represent mean ±STD.](srep12178-f1){#f1}

![The accumulated effects of anodal tDCS on M1 in two advanced monkeys (3\# and 4\#).\
(**a**) Mild-acute modeling process of MPTP administration. (**b**) Consecutive treatment of anodal tDCS on M1. The intensity of tDCS ranges from 0.2 to 0.4 mA and time from 5 to 20 min. (The treatment effect is statistically significant before and after tDCS: Related-Samples Wilcoxon Signed Rank Test for Monkey 3\#: \*\*P = 0.002, Paired t-test for Monkey 4\#: \*\*P \< 0.01). (**c**) The quantitative relationship between accumulated stimulation (∑ intensity × duration) and anodal tDCS treatment effects (PD Score ~before\ tDCS~ − PD Score ~after\ tDCS~) on M1 monkeys 3\# and 4\#. Grey squares represent the average tDCS treatment effects at different accumulated stimulation of each monkey. Values in (**b**,**c**) represent mean ± STD.](srep12178-f2){#f2}

![Extinction of tDCS accumulated treatment effects and contributions of different brain areas to tDCS effects for PD treatment.\
(**a**) After six months' recovery, monkey 3\# and 4\# were administered with additional MPTP to restore the Kurlan scale scores same to the scores in [Fig. 2(a)](#f2){ref-type="fig"}. (**b**) Extinction of tDCS accumulated treatment effects on M1 after six months' recovery. There was no significant difference between the effects of the first tDCS and the last tDCS in each monkey (Multi-factor ANOVA: P = 0.881). (**c**) The effects of tDCS treatment (0.2 mA, 5 min) on different brain areas. The PD scores only decreased after tDCS on M1. Sham: control of anodal tDCS on M1 with no stimulation; PFC: prefrontal cortex; LT: left temporal lobe; RT: right temporal lobe; M1: primary motor cortex. Multi-factor ANOVA: The interaction of region × tDCS was significant, \*\*P \< 0.01. Values in (**b**,**c**) represent mean ± STD.](srep12178-f3){#f3}

![C-fos staining of the neurons in M1 and SN after anodal tDCS on the right side of M1.\
(**a**) The c-fos immunohistochemical staining of left and right side neurons in M1. C-fos positive cells were counted for analysis. (**b**) The c-fos expression in the neurons of the right side M1 was significantly increased compared to the basal level. Paired t-test: \*\*P = 0.0007. (**c**) The c-fos staining of left and right side neurons in SN. (**d**) The c-fos expression in the neurons of the right side SN was significantly increased. Paired t-test: \#\#P = 0.0009. Values in (**b**,**d**) represent mean ±STD. Scale bar: 20 um.](srep12178-f4){#f4}

![TH staining of bilateral SNc in MPTP treated monkeys and normal control.\
(**a**,**b**) shows the immunohistochemical images of TH positive cells in the SNc of MPTP treated monkeys and control. (**c**) TH positive cells in the MPTP treated monkeys significantly reduced in the left and right side of SNc compared with control (left: ANOVA, \*\*P \< 0.01; right: Independent Sample Mann-Whitney U Test, \#\#P = 0.001 ), but there was no significant difference between the left and right side of SNc within groups (control: ANOVA, P = 0.961, MPTP treated: ANOVA, P = 0.567). Values in (**c**) represent mean ±STD. Scale bar: 20 um.](srep12178-f5){#f5}
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